We investigated the effects of operator-applied force on diffuse optical spectroscopy (DOS) by integrating a force transducer into the handheld probe. Over the typical range of contact forces measured in the breasts of eight patients, absorption and reduced scattering coefficients (650 to 1000 nm) variance was 3:1 AE 1:0% and 1:0 AE 0:4%. For trained operators, we observed <5% variation in hemoglobin and <2% variation in water and lipids. Contact force is not a significant source of variation, most likely because of a relatively wide probe surface area and the stability of the DOS method for calculating tissue optical properties.
Introduction

A. Quality Control with a Handheld Optical Probe
There are several optical imaging and/or spectroscopic instruments used in breast tissue characterization that employ a handheld probe design [1] [2] [3] [4] [5] [6] . Handheld probes potentially offer several advantages compared to fixed imaging geometries. A breast lesion may be easily and rapidly localized with multiple views, as with conventional ultrasound, and probes can be placed in difficult-to-access areas such as the chest wall. In addition, handheld probe instrumentation can be engineered to be office-based and portable.
However, concerns arise with the potential for operator-dependent errors. Despite extensive training, variations in measurement technique between individuals can lead to disparities in data collection and calibration [7, 8] . Most studies involving research-grade optical instruments, including ours, are the products of university laboratories that typically stress scientific results and initial translational studies, but have not emphasized standardization.
Over the years we have standardized many aspects of data collection, including calibration, patient positioning/posture, and probe handling. In general, these concerns can be addressed by providing careful operator training. However, the impact of probe contact pressure has not been well-characterized. Variations in probe pressure can potentially impact hemodynamics, optical coupling, and interrogation volume. As a result, this study investigates the effects of operator-applied force on diffuse optical spectroscopy (DOS) measurements by integrating a small force transducer into the handheld probe. coefficient, μ s 0 ) using well-characterized methods that combine broadband frequency-domain and steady-state spectroscopies [4, 9, 10] . Typically, diffusion-based models are used to calculate absolute absorption and scattering optical properties from discrete-wavelength frequency-domain (FD) phase and amplitude measurements. Quantitative absorption and scattering spectra are calculated by combining broadband steady-state reflectance with FD data [10] . By combining FD with broadband reflectance, complete coverage of the NIR spectral range can be achieved.
Within the near-infrared (NIR) spectral range (650-1000 nm) where DOS is routinely employed, the tissue concentrations of oxygenated (ctO 2 Hb) and deoxygenated hemoglobins (ctHHb), water (ctH 2 O), and bulk lipid are calculated from tissue absorption spectra [9] . We distinguish DOS from the more generic near infrared spectroscopy (NIRS) in that, generally, NIRS does not employ spatial, time-, or frequency-domain methods to separate absorption from scattering [11] . The DOS method combines the quantitative accuracy of frequency-domain photon migration with the broadband spectral content of NIRS.
C. Study Goals
DOS has shown promise in the detection of breast tumors and in monitoring the effects of neoadjuvant chemotherapy. In particular, DOS has been used in long-term monitoring of breast tumor response to therapy, where many measurements are taken over the course of weeks to months [5, [12] [13] [14] [15] [16] . To standardize these DOS measurements, it is necessary to determine how a DOS probe operator might influence measurements by varying tissue-probe contact force.
The overall purpose of this study was to characterize the effects of probe-tissue contact force on DOS measurements of breast tissue optical properties. A simple force transducer was attached to the bottom of our DOS handheld probe and the contact force between the breast tissue and the probe was measured. Breast tissue optical properties were measured as a function of relative contact force in both normal and lesion-containing breasts. The forces used in this study were significantly smaller than those used in mammographic compression. Rather, our main concern was to determine limits on the repeatability of DOS measurements in terms of the sensitivity of our results to contact force. These results are important to consider in view of potential DOS applications in longitudinal patient monitoring [8, 12] .
Methods
A. Diffuse Optical Spectroscopic Imaging Instrument
Specific details of our DOS instrument, the laser breast scanner (LBS), have been previously described in detail [4] . The current LBS instrument is a bedside-capable, multiwavelength device that integrates both broadband frequency-domain and broadband steady-state approaches to provide complete tissue absorption and scattering spectra from 650-1000 nm. Briefly, the frequency-domain component employs six fiber-coupled diode lasers (658, 682, 785, 810, 830, and 850 nm) and an avalanche photodiode (APD) detector. Each laser diode is swept in modulation frequency from 50 to 500 MHz in 401 steps [9] . The steady-state component employs a fiber-coupled broadband lamp and a fiber-coupled back-illuminated CCD spectrometer (BW Tek, Newark, Delaware). A handheld probe integrates both frequency-domain and steady-state approaches, and was designed to interrogate overlapping regions of breast tissue (Fig. 1) . The source-detector separation distance was fixed at 28:5 mm in a reflectance geometry. Measurement time at a single spatial location was less than 10 s for the combined frequency-domain and steady-state measurements. Calibrations for the frequency-domain and steadystate instruments were performed using a tissue phantom and an integrating sphere, respectively.
Simple calculations of tissue chromophore concentrations were performed using the Beer-Lambert law and known absorption extinction coefficients. We assumed that the main near-infrared absorbers in breast tissue were ctHHb (μM), ctO 2 Hb (μM), ctH 2 O (%), and lipids (%) [17] [18] [19] . We report ctH 2 O as the concentration of measured tissue water divided by pure water concentration (55:6 M), whereas tissue bulk lipids are reported as the percentage lipid measured relative to an assumed "pure" lipid density of 0:9 g mL −1 . Thus, reported water and lipid percentages are relative amounts compared to pure solutions of the substance and are not expected to add to 100%.
B. Measurement of Probe-Breast Contact Force
Probe-to-breast contact force was measured using a commercial tactile sensor (FlexiForce Model A201, Tekscan, Boston, Massachusetts) that was integrated into the DOS handheld probe (Fig. 1) . Force was recorded in real time using a second computer connected to the transducer. The transducer active area was 9:53 mm 2 , with a thickness of 0:203 mm, and was positioned at one point on the bottom surface of the DOS handheld probe as close as possible to the region of tissue interrogated by the light. The maximum applied force that can be registered by the particular transducer was 4:4 N (1 lb). The transducer was calibrated using a series of weight standards as per the manufacturer specifications, with the FlexiForce transducer resting on a hard flat surface. Approximately 3000 mm 2 of a total 5400 mm 2 of the DOS probe bottom surface area made contact with breast tissue during a typical measurement.
Contact forces are reported as normalized percentages of the maximum applied force (i.e., a scale of 0 to 100%). In this study, 0% was chosen by the operator (S.S.) to be a "significantly lighter than typical" force that was barely in contact with the breast, yet displayed adequate optical coupling. In similar fashion, 100% was chosen to be a "much harder than typical" force that did not result in patient discomfort. We stress that the 100% force reading varied from patient-to-patient in terms of the absolute force. In general, DOS operators found on this relative scale that their typical measurements would have ranged from about 20 to 50% in terms of relative contact force. A single probe operator (S.S.) performed all measurements.
C. Study Patient Characteristics
Eight subjects were recruited for this study. Subjects provided informed written consent to participate in this research study which was approved by the University of California, Irvine, Institutional Review Board (Protocol #95-563). There were three subject categories in this study: Lesion, Normal Premenopausal, and Normal Postmenopausal. The Lesion category included three subjects who each had a palpable lesion (2 malignant and 1 benign). The lesion sizes were 12 × 10 × 6 mm, 10 × 6:4 × 4:1 mm, and 41 × 32 × 64 mm. The Normal Premenopausal category included two subjects with regular menstrual cycles and no history of breast lesions. The Normal Postmenopausal category included three subjects with no periods for at least one year and no history of breast lesions.
D. Diffuse Optical Spectroscopic Imaging Measurement Technique
Subjects laid supine with their arm at their side on a recliner at about 30°from horizontal for all DOS measurements. For subjects in the normal category (N ¼ 5), DOS measurements were taken at two spatial locations: 12 o'clock and 9 o'clock positions of the breast. In the lesion subject category (N ¼ 3), a point at the center of the lesion was measured. In all cases, the probe operator applied a series of different relative probe-breast contact forces ranging from 10-100% at the measurement location. The operator started with the lightest force and moved towards the maximum in approximately equal steps. For each force level, five repetitions of DOS measurements were taken consecutively at constant force, without lifting the probe off the tissue. The operator then increased the pressure and repeated five repetitions. The operator regulated the contact force using the constant updates from the computer readout.
Force-dependent variation in a given DOS parameter was calculated for each measurement location in normal subjects using the CV% (coefficient of variation), which was defined as the standard deviation of a DOS parameter value measured at all forces divided by the average DOS parameter value measured at all forces. To obtain an overall forcedependent variation value for each normal subject, the CV%'s of both locations were averaged. For each lesion subject, one CV% was obtained for the one location that was measured.
Results
A. Impact of Relative Contact Force on Measured Spectra
Figure 2 displays the DOS-measured absorption and reduced scattering spectra from a single normal subject, measured as a function of probe-breast application force. The solid lines represent the average spectra measured at seven different forces; the dashed lines represent the standard deviation of these measurements. Five repeat measurements were obtained and averaged at each force level to represent the spectrum for a given force level. On average across the entire wavelength range, the coefficient of variance in μ a and μ s 0 was 5:7 AE 2:4% and , 20-50%) , these values decrease to 3:1 AE 1:0% and 1:0 AE 0:4% for μ a and μ s 0 , respectively. The variation of μ a and μ s 0 with respect to contact force is very similar to the variation in μ a and μ s 0 seen in repeated measurements by picking up the probe and replacing it at the same location.
B. Relative Force Measurements in Normal Tissues
Figure 3 displays typical variation of DOS parameters measured as a function of probe-breast application force in a single subject (i.e., for the same subject as Fig. 2) .
used by the operator (i.e., 20-50%), these values decrease to 1.8% for ctO 2 Hb, 2.9% for ctHHb, 0.2% for ctH 2 O, and 1.9% for lipid. Thus, this variance does not represent significant dependence of DOS parameters resulting from probe-breast contact force.
The overall force-dependent (full range) DOS variation in terms of CV% for Pre-and Postmenopausal subject groups is shown in Fig. 4 . The error bars represent the population variation between subjects within each group. In both groups, ctO 2 Hb varied the most, followed by ctHHb; ctH 2 O and lipid varied the least. Although not statistically significant, postmenopausal breast tissue exhibited more forcedependent variation in ctO 2 Hb and ctHHb than premenopausal breast; presumably this is due to the generally lower concentrations of these components in postmenopausal breast tissues [4, 20] . There was a slightly higher force-dependent variation (though not significant) in lipid in premenopausal breast than in postmenopausal breast. If we again restrict the applied force range to that commonly used by trained operators, the variance in measurements (CV%) decreases similarly to the previous example (Table 1) . Figure 5 displays the variation in DOS-measured values as a function of probe-breast force in a single subject with a malignant lesion (29 × 20 × 23 mm, 43 years old). As before, the error bars represent the variation between five repeated measurements at each force level at the measured location on the breast. As before, the minimum to maximum range Fig. 3 . (Color online) DOS parameters measured as a function of probe-breast contact force in a single subject. The error bars represent the variance of five repeated measurements at a given force (0% being "very light" and 100% being "pretty hard"). Typical contact force is approximately 30% on this scale.
C. Relative Force Measurements in Lesion-Containing Tissues
Fig. 4. (Color online) Comparison of relative variance in DOS
measurements for all probe-breast contact forces in eight normal subjects. CV% is defined as the standard deviation of the population, divided by the average value of the population. Differences between the pre-and postmenopausal groups are not significant. measured for each parameter was: 13.7 to 20:4 μM (ctO 2 Hb), 7.2 to 9:2 μM (ctHHb), 22.6 to 24.4% (ctH 2 O), and 53.8 to 61.1% (lipid). Also as before, DOS-measured parameters did not differ appreciably over the probe-breast force range: 7.2% for ctO 2 Hb, 5.5% for ctHHb, 2.7% for ctH 2 O, and 2.5% for lipid. Reducing the range to the force range used by our operators slightly decreases these numbers to 6.7% for ctO 2 Hb, 5.5% for ctHHb, 1.9% for ctH 2 O, and 2.2% for lipid. While higher than those reported in the previous example, these numbers are still representative of the placement variations in repeated measurements, and thus likely do not represent significant force dependence.
DOS parameter variation as a function of contact force for lesion subjects showed a similar trend as with normal subjects (Fig. 6) . Error bars represent the population variance. As before, we observed that ctO 2 Hb varied the most, followed by ctHHb, ctH 2 O, and lastly lipid. There were no significant differences between the CV%'s between each population for any DOS variable, as verified by standard ANOVA. However, the small number of subjects makes precise statistical assertions tenuous. The least significant number of subjects needed to demonstrate statistically significant differences in the CV%'s between premenopausal, postmenopausal, and lesion subjects is 56 for ctO 2 Hb. Demonstrating the existence of force-dependent tissue optical properties is important but is better measured using significantly higher forces than the ones we have employed in this study.
Overall, the force-dependent DOS variation averaged for all eight subjects in all categories of breast tissue was found to be 6:6 AE 3:0% in ctO 2 Hb, 4:6 AE 2:0% in ctHHb, 2:4 AE 1:5% in ctH 2 O, and 2:3 AE 1:1% in lipid. These results were averaged over the entire ranges of contact forces (0 to 100%). If we consider only the typical limited 20 to 50% pressure range, the population variation for all subjects becomes 5:6 AE 2:7% for ctHHbO 2 , 4:1 AE 1:7% for ctHHb, 1:5 AE 0:8% for ctH 2 O, and 1:7 AE 0:8% for lipids. The full comparison between force ranges for all patient categories is provided in Table 1 .
Discussion
A. Limitations on the Quantification of Probe-Breast Forces
The use of a handheld probe in tissue optical spectroscopy raises potential concerns with respect to both intra-and interoperator variability. As a result, we have attempted to quantify the impact that relative changes in contact force and/or pressure have on a typical DOS measurement. It was difficult to provide a precise numerical value of the force and/or pressure because of several factors. First, the maximum force used for each patient was not the same. Thus, the 100% force level for each patient represented different absolute pressures, though in each case 100% represented a force the operator could apply without patient discomfort. Second, the distribution of force over the entire contact area was not measured because only a single force transducer was used. An array would be more suitable to determine the spatial dependence of the force. In addition, the contact area between probe and breast was not measured because only a fraction of the probe bottom was in contact with the patient. In general we expect the contact area to be similar in most cases. For these reasons, a simple, yet precise quantitative value for probe-breast contact force or pressure is unreliable. Despite these limitations, the data strongly imply that the precision (i.e., repeatability) of the spectroscopy measurements from a single operator was not affected by variations in probe-breast contact force. Thus, absolute force quantitation is unnecessary because different forces for a given patient yielded very similar optical properties. In our experience, probe orientation, patient positioning, and spatial location repeatability are significantly more likely to produce inter-and/or intraoperator variations. These sources of variation can be minimized through training, whereas contact force/pressure is harder to standardize precisely. However, our results demonstrated that for all DOS measurements with trained operators, we can expect at worst 6-7% variation as a result of contact force or pressure variance.
The meaning of these numbers can be contextualized. We have observed changes in hemoglobin concentrations and water >50% and on the order of 20% in bulk lipids [4] . We have observed average changes in deoxy hemoglobin, oxy-hemoglobin and water of 27%, 33%, and 11%, respectively, from one week after baseline in tumors that responded to adriamycin/-cytoxan [21] . These changes are significantly larger than the variance observed as a function of contact force. Of course the variances will at some point mask physiological changes if they are small enough (i.e., small tumors, weak response). In the abovementioned studies, only stage II/III lesions were considered.
One last consideration is that the range of forces used in this study is artificial. Based upon our experience, trained DOS operators typically use somewhere between 20 to 50% of the maximum contact forces presented in this study. Although the forcedependent variance is already low, it is further reduced if we consider only this typical 20% to 50% pressure range. Under these conditions, the population variation for all subjects becomes 5:6 AE 2:7% for ctHHbO 2 (down from 6.5%), 4:1 AE 1:7% for ctHHb (down from 4.6%), 1:5 AE 0:8% for ctH 2 O (down from 2.5%), and 1:7 AE 0:8% for lipids (down from 2.3%).
B. Implications for Optical Imaging and Spectroscopic Handheld Probes
There are several disadvantages to handheld probes that should be addressed. These limitations have been discussed in the ultrasound literature and, in certain cases, may have relevance to optical probes. For example, the real-time nature of ultrasound scanning means that operator image interpretation factors heavily into the diagnostic process [22] . In contrast, other radiological exams are performed in prescribed protocols by technicians and later interpreted by a radiologist. The tissue/probe coupling is also a concern and artifacts may appear due to improper probe handling. Sampled volume differences between scans and operators offer another challenge. Some of these variations are minimized because of the extensive training and attention to standards issued by the medical ultrasound community. Interoperator variations have been reduced somewhat by the introduction of 3D scanning, and also by introducing criteria on the reporting of lesion features [23, 24] .
In the case of the handheld DOS probes, quantitative objective criteria (i.e., optical properties) are used to characterize tissue. Thus, the impact of operator interpretation on scan variation is likely to be minimal. Importantly, our absence of force sensitivity implies that quantitation can be maintained without careful regulation of the contact force and/or pressure. This has important implications for the reliability of longitudinal measurements [12, 13] .
C. Comparison with Other Research
Our studies should not be confused with efforts to deliberately compress the breast to alter blood volume [6, [25] [26] [27] . While the exact compression force in our system is not easily calculated, it is well below forces used in studies that involve full compression or localized compression. For example, Carp et al. employed a mammography-type compression using 0, 3, 6, and 12 lbs, whereas our compression force was well below 1 lb [26] . Xu et al. used a handheld probe with a compression range of approximately 2 to 14 N, whereas ours was in the 1-2 N range [6] . In both cases our applied contact forces were well below those used in the cited compression studies.
Our results should also not be taken to mean that there is no force/pressure sensitivity for breast tissue; rather this effect, if any, is minimized by the way we perform DOS. We believe this is mainly due to the following factors: (1) the overall contact force is very small; (2) the probe surface area and source-detector separation are large, resulting in a relatively small force that is distributed over a large interrogated tissue volume; (3) the combined frequency-domain and broadband steady-state technique is generally insensitive to the absolute optical power, so that significant variance in coupling has a minimal effect on the measured optical properties.
Other optical imaging handheld probes present their own design-specific challenges. Most are limited in the number of detection channels: for example, one combined optical imaging and ultrasound probe has 8 channels and 2 wavelengths [3] , another probe has 8 channels with 3 wavelengths [1] , a flow probe has 1 wavelength and 1-4 channels [2] , a compression probe has 8 channels and 2 wavelengths [6] , and our DOS probe has 1 channel but acquires a continuous spectrum (1024 wavelengths) [4] . Investigators have commented on the great care that must be used to ensure good optical coupling to eliminate artifacts [1] . In particular, small-area fiber-based probes can introduce distortions in the tissue surface that can change recovered optical properties [28] . Although the performance of other devices can potentially vary with probe force, our results suggest that the use of a wide probe contact area, large-sourcedetector separation, and robust data analysis methods can help minimize this effect.
Conclusion
The standardization of measurements is of critical importance, especially when a handheld probe is employed that could induce operator-dependent measurements. Our combined frequency-domain and broadband steady-state DOS instrument uses a handheld probe; however, we have demonstrated that only small changes in DOS parameters are observed despite large variations in contact force. We therefore conclude that the effects of force and/or pressure upon our DOS measurements are small. Based upon our published measurements in breast tissues, the variance in force would not have masked the presence of stage II/III lesions or mask changes resulting from therapeutic intervention. For a trained operator, we can expect less than 5% variation in hemoglobin (ctO 2 Hb and ctHHb) and less than 2% variation in ctH 2 O and lipids.
